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The montmorillonite K10-Cu(II)ethylenediamine (MMTK10-Cu(en)2) catalyst has been
prepared by intercalation of copper-ethylenediamine [Cu(en)2]
2þ complex onto the mont-
morillonite K10. The intercalation process is confirmed by scanning electron microscopy
(SEM), fourier transforms infrared spectroscopy (FTIR), X-ray diffraction (XRD), and ther-
mogravimetric analysis (TGA) measurements. The decolorization of the Acid blue29 was
conducted using MMTK10-Cu(en)2 in the presence of hydrogen peroxide. The effect of re-
actants concentrations and the temperature on the decolorization efficiency was studied. It
was found that the efficiency of decolorization process increases with increasing the
concentration of H2O2 and the dye and the temperature. The results indicated that com-
plete removal of AB29 was achieved in 15 min when the concentrations of H2O2 and AB29
were 0.4 and 5  105 M respectively and 0.1 g of the catalyst at 30 C. The activation pa-
rameters of the decolorization process were determined. Two possible mechanisms were
proposed.
Copyright 2014, Beni-Suef University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Chemical industries such as oil refinery, petrochemicals, dyes
manufacturing, textiles are typical industries that dump toxic
organic compounds to the water resources causing sever
pollution (Berberidou et al., 2007). The dye manufacturing and
textile industries cause serious environmental problems as
they contain colored compounds resulting from dyeing pro-
cesses (Timofeeva et al., 2005). Most of the effluents are.tanta.edu.eg (I.A. Salem
i-Suef University.
ity. Production and hostdescribed as poisonous, carcinogenic, mutagenic and
allergenic.
Acid blue 29 is an anionic azo dye used in the textile,
paints, inks, plastics and leather industries (Sabhi and Kiwi,
2001). It has been degraded using the UV-C light in the pres-
ence of hydrogen peroxide and persulfate as oxidants (Sahoo
et al., 2013), waste tea activated carbon (WTAC) (Auta and
Hameed, 2011), iron modified mesoporous silica (Soon and
Hameed, 2013) and TiO2 (Chen et al., 2007). There are many
possible methods for removing dyes such as adsorption
(Malmary et al., 1985), ozonation (Lin and Lin, 1991), Fenton's).
ing by Elsevier B.V. All rights reserved.
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(Vlyssides et al., 2000), coagulation/flocculation (Do and Chen,
1994), biological treatment (Fu and Viraraghavan, 2002),
oxidation processes (Salem and El- Maazawi, 2001) and pho-
tocatalytic degradation (El-Kemary and El-Shamy,2009).
Hydrogen peroxide has a prominent position among the
oxidants as a commercially available, cheap reagent of low
molecular mass, and friendly oxidizer. It can be used directly
(Oakes and Gratton, 1998) for simple oxidation reactions or in
conjunction with catalysts (Lu, 2000) and/or the UV irradiation
(Galindo et al., 2000). However, the drawbacks of using the
uncatalyzed hydrogen peroxide lies in its failure to oxidize
some organic pollutants.
Montmorillonite clay, on the other hand, is widely utilized
in various industrial processes and laboratory experiments
because of its structural properties. It is naturally layered sil-
icates formed by AlO6 octahedra sandwiched by SiO4 tetra-
hedra (Serwicka and Bahranowski, 2004).
Since large amount of toxic dyes is annually discharged
from industries into the water streams and harms the aquatic
life, the current method was introduced as an additional one
to those devoted to remove dyes from industrial effluents. In
this paper, we report results on the catalytic decolorization of
the textile dye Acid blue 29 with H2O2 in the presence of
copper ethylenediamine complex supported on the clay
montmorillonite K10. The decolorization reaction will be
investigated under several reaction conditions and will be
applied for color removal of real industrial dye solution.2. Experimental
2.1. Materials and methods
The azo dye, Acid Blue 29 (AB29) was obtained from Sigma-
eAldrich as commercially available dye and used without
further purification (Scheme 1). Hydrogen peroxide (H2O2)
(30%, w/v as an oxidizer) was used, the initial concentration
was determined iodometrically using standard sodium thio-
sulphate solution (Salem et al., 1994). Montmorillonite-K10
(MMTK10) was obtained from SigmaeAldrich. Other chem-
icals like ethylenediamine (en) and CuCl2.2H2O were Sigma-
eAldrich products and used as received. Distilled water was
used throughout this work.
2.2. Instruments
The UV/Vis spectra of the dye were recorded on a Shimadzu
2100S spectrophotometer interfaced with an electronicScheme 1 e Acid blue 29.temperature controller (TCC-260). X-ray diffraction (XRD)
patternwere recorded on a GNR, APD 2000 PRO diffractometer.
The X-ray beam was nickel-filtered Cu Ka (l ¼ 1.5405A) radi-
ation operated at 40 kV and 30 mA. The scanning range was
varied from 2q ¼ 2e30 with a rate of 2.4/min. FTIR mea-
surements were recorded on JASCO FT-IR-4100 (Japan) within
the range 4000e400 cm1. The thermal analysis (TGA) was
performed using a Shimadzu TG-50 thermal analyzer up to
800 C at heating rate 10 C/min under nitrogen atmosphere.
The morphology of the catalyst was imaged by the scanning
electron microscopy (SEM) (JSM, JEOL, 5300). The catalysts
were analyzed for the copper content with atomic absorption
spectroscopy (PerkineElmer atomic analyst 100).
2.3. Preparation of the catalyst
MMTK10-Cu(en)2 catalyst was prepared as follows. 100 ml of
CuCl2.2H2O solution (17 g, 0.1 mol) were added to an excess
amount of ethylenediamine (100 ml, 3 M) to ensure complete
formation of the [Cu(en)2]
2þ complexwith amole ratio 1:2. The
complex solution was then added to the MMTK10 (20 g) and
the mixture was magnetically stirred for 24 h. The violet
product was filtered, washed thoroughly with water and dried
overnight at 60 C. The chemical structure of the catalyst ob-
tained is illustrated in (Scheme 2).
2.4. Kinetic measurements
All experiments were carried out in a number of Erlenmeyer
flasks (100 cm3) containing a mixture of given amounts of the
dye and H2O2 solutions. In a typical run, the mixtures were
placed in the shaker water thermostat and agitated at speed
120 rpm for about 30 min (Salem et al., 2009). The kinetic run
was started by the addition of a specific amount of the cata-
lyst. At different time intervals, the progress of the reaction
was followed by withdrawing 3 ml with the aid of 0.45-mm
Millipore filter in order to remove the suspended catalyst
particles and stop the reaction. Then the absorbance was
recorded at lmax. The decolorization efficiency was deter-
mined according to Eq. (1).
Efficiency ¼ Ao At
Ao
 100 (1)
where Ao is the initial absorption of the dye and At is the ab-
sorption at time t.3. Results and discussion
3.1. Catalyst characterization
TheMMTK10-Cu(en)2 catalyst has recently been characterized
in our previous work (Salem et al., 2014) using the SEM, XRD,
IR, and TGA measurements. The SEM measurement showed
no great change in the morphology of the catalyst. The FTIR
and XRD indicated the intercalation of the [Cu(en)2]
2þ complex
into the montmorilloniteK10. In order to ensure that the
crystalinity of the catalyst remains unchanged during the re-
action of the dye with H2O2, the XRD patterns for the catalyst
was recorded before and after it had been used. The XRD
Scheme 2 e Proposed structure of intercalation of [Cu(en)2]
2þ between two montmorillonite layers.
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before and after the reaction. This confirms the stability of the
montmorillonite K10-Cu(en)2 catalyst under the present
operating conditions.3.2. Catalytic activity of MMTK10-Cu(en)2
In order to investigate the catalytic activity of the MMTK10-
Cu(en)2 catalyst and the role of H2O2 for the oxidation of
AB29, the reaction was carried out in the presence of the
catalyst and hydrogen peroxide as single addition and in the
presence of them simultaneously. It was found that almost no
decolorization was occurred unless the catalyst and the
oxidant were incorporated together into the dye solution.
Fig. 2 shows regular decrease in the absorbance of the
unreacted dye with time. From Eq. (1) the decolorization effi-
ciency was evaluated and found that ca 90% of the dye was
decolorized in 33 min.Fig. 1 e X-ray diffraction patterns of montmorillonite K10-
Cu(en)2 before reaction (1), and montmorillonite K10-
Cu(en)2 after reaction (2).3.3. Effect of [H2O2]
The initial concentration of H2O2 plays significant role in the
oxidation process. The effect of H2O2 concentration on the
reaction rate was examined by maintaining the concentra-
tions of both the catalyst and the AB29 constant at 0.1 g and
5  105 M. The concentration of H2O2 was varied from 0.02 to
0.4 M Fig. 3 represents the decolorization efficiency of the dye
which increases at high concentration of H2O2. Similar trend
of data was found by (Dulman et al., 2012). The decolorization
efficiency increased from 26.6% to 84.3% within 15 min when
the concentration of H2O2 changed from 0.02 to 0.4 M. This
may be attributed to the generation of a peroxo-intermediate
or hydroxyl radical (OH) which attack the dyemolecule giving
rise to the reaction products. The formation of such peroxo-
intermediate was earlier reported in the reaction of H2O2
with other supported copper complexes (Salem and El-
Maazawi, 2000; Gemeay et al., 1996; Salem et al., 2000; TianFig. 2 e UV-Vis spectra of Acid blue 29 as a function of
reaction time. [AB29] ¼ 5 £ 10¡5 M, [H2O2] ¼ 0.2 M,
MMTK10-Cu(en)2 ¼ 0.1 g, T ¼ 30 C, agitation
speed ¼ 120 rpm.
Fig. 3 e Effect of H2O2 concentration on the oxidation of
AB29. [AB29] ¼ 5 £ 10¡5 M, MMTK10-Cu(en)2 ¼ 0.1 g,
T ¼ 30 C.
Fig. 4 e Effect of dye concentration on the oxidation
process. [H2O2]¼ 0.2 M, MMTK10-Cu(en)2¼ 0.1 g, T¼ 30 C.
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was also investigated by (Gemeay et al., 2003a, b; Tian et al.,
2011; Daud et al., 2010).3.4. Effect of [dye]
Fig. 4 shows the dependence of the decolorization efficiency
on the dye concentration in the range from 2  105 to
1  104 M under constant concentration of H2O2 (0.2 M) and
catalyst (0.1 g). The efficiency drops as the concentration of
the dye increases (Dulman et al., 2012). It reached 78.2% after
10 min at dye concentration 2 105 M and 92.8% after 60 min
when the dye concentration was 1  104 M.Fig. 5 e Effect of temperature on the decolorization of AB29.
[AB29] ¼ 5 £ 10¡5 M; [H2O2] ¼ 0.2 M, MMTK10-
Cu(en)2 ¼ 0.1 g, agitation speed ¼ 120 rpm, T ¼ 30 C.3.5. Effect of temperature
In order to investigate the effect of temperature on the
decolorization efficiency, the experiment was performed at
constant concentration of the dye (5  105 M), hydrogen
peroxide (0.2 M), and the catalyst (0.1 g). The temperature was
changed in the 20e40 C range. The decolorization efficiency
increases from 51.82789% to 88.24544% with increasing the
temperature from 20 C to 40 C within 18 min (Fig. 5) (Daud
et al., 2010). The activation energy E was determined from
the plot of ln(k) vs 1/T (Arrhenius plot), which was linear with
correlation coefficients 0.995, (Fig. 6). The change in the
enthalpy of activation DH# was calculated from the relation.
DH# ¼ E RT (2)
The change in the free energy of activation DG# was eval-
uated from Eyring's equation,
k ¼ kT
h
eDG
#=RT (3)
where k and h are Boltzmann's and Plank's constants respec-
tively. The change in the entropy of activation DS# was
determined from the relationDG# ¼ DH#  TDS (4)
where T is the mean value of working temperature. All acti-
vation parameters are listed in Table 1. A scrutiny of Table 1
reveals consistent large and negative value for the entropy
of activation (DS#). This implies a highly ordered transition
state is involved. The value of activation energy was 54.645 KJ
mol1, in the range of chemical reactions and not adsorption.3.6. Effect of radical scavenger
The use of free-radical trapping agent is useful for exploring
whether the reaction goes through OH radical mechanism.
Tertiary butyl alcohol is known to trap wide range of radical
species and has been used in the current reaction as radical
scavenger. Fig. 7 shows the drop of absorbance versus time in
the presence and absence of the scavenger. It is seen from the
Fig. 6 eArrhenius plot. [AB29]¼ 5£ 10¡5 M, [H2O2]¼ 0.2 M,
MMTK10-Cu(en)2 ¼ 0.1 g, T ¼ 30 C.
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presence of scavenger is less than that corresponding to a
reaction containing no scavenger, indicating the involvement
of OH radical species in the reaction route.
3.7. Mechanism
From the facts obtained from the radical scavenger experi-
ment, it is confirmed that the MMTK10-Cu(en)2/AB29 system
involves OH radical species, the following mechanism may
thus be proposed (Gemeay et al., 2003a, b; Tian et al., 2011).
MMTK10CuIIðenÞ2 þH2O2%
k1
k1
MMTK10CuIIðenÞ2

HO2
þHþ
(5)
MMTK10CuIIðenÞ2

HO2

/MMTK10CuIðenÞ2 þOH þ 1

2O2
(6)
dyeþOH!k3 dyeþ (7)
Intermediate!k4;slow oxidation products (8)
MMTK10CuIðenÞ2 þOH/MMTK10CuIIðenÞ2 þOH (9)
Hþ þOH-/H2O (10)
Further probable mechanism may be proposed on the
bases of the formation of peroxo-intermediate via the reactionTable 1 e Specific rate constant and activation parameters for
MMTK10-Cu(en)2. [H2O2] ¼ 0.2 M, [AB29] ¼ 5 £ 10¡5 M, Catalys
Temp/C k/103 (L mol1 s1) DE/(kJmol1)
20 3.233
25 5.148
30 7.018 54.645
35 9.691
40 13.332between the catalyst and H2O2 (reaction 11). This peroxo-
intermediate attacks the dye molecule to generate a reactive
intermediate species (dye(OOH)) that leads to the oxidation
products in the rate determining step. The continuation of the
decolorization process even after the catalyst had been
removed from the reaction medium is a good evidence for the
presence of this intermediate. The decrease in the pH during
the reaction progress from 6.89 to 6.34 is good support that can
be taken into account (Salemand El-Maazawi, 2000; Tian et al.,
2011).
MMTK10CuIIðenÞ2 þH2O2%MMTK10CuIIðenÞ2

O2H
þHþ
peroxointermediate
(11)
MMTK10CuIIðenÞ2

O2H

þ dye!k1 dyeOOHþMMTK10CuIðenÞ2
intermediate
(12)
dye

OOH

!k2 slow oxidation products (13)
MMTK10CuIðenÞ2 þH2O2/MMTK10CuIIðenÞ2 þOH þOH
(14)
Hþ þOH/H2O (15)
3.8. Decolorization of real industrial dye solution
A red sample solution of arbitrary concentration for an in-
dustrial dye brought from local fabrics plant in El-Mehala city,
Gharbia governorate, Egypt was allowed to interact with H2O2
and the MMTK10-CuII(en)2 under the same conditions
mentioned above. The mass of the catalyst was 0.1 g and the
concentration of H2O2 was 0.2 M, Fig. 8. The decolorization
efficiency of the dye was 83.27% in 18 min, Fig. 9.4. Conclusion
The decolorization of AB29 with H2O2 and MMTK10-Cu
II(en)2
proceeded efficiently under mild reaction conditions. It un-
dergoes through the formation of peroxo-intermediates and
the hydroxyl radicals. The decolorization efficiency was
greatly affected by the concentrations of the reactants, and
the temperature. The current method may be cost-effective
and easy used. It is promising for large scale applications.the decolorization of AB29 with H2O2 in the presence of
t ¼ 0.1 g.
DH#/(kJmol1) DG#/(kJmol1) DS#/(Jmol1 K1)
52.086 81.877 96.724
Fig. 7 e Absorbanceetime plots for the oxidation of
5 £ 10¡5 M AB29 with 0.2 M H2O2 and 0.1 g of MMTK10-
Cu(en)2 in the presence and absence of (10%) t-butanol.
Fig. 8 e Absorbance of industrial dye sample solution.
[H2O2] ¼ 0.2 M, MMTK10-Cu(en)2 ¼ 0.1 g and T ¼ 30 C.
Fig. 9 e The decolorization efficiency of the real dye sample
solution. [H2O2]¼ 0.2M,MMTK10-Cu(en)2¼ 0.1 g, T¼ 30 C.
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